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Some have claimed that the medial prefrontal cortex (mPFC) mediates decision making. Others suggest
mPFC is selectively involved in the retrieval of remote long-term memory. Yet others suggests mPFC
supports memory and consolidation on time scales ranging from seconds to days. How can all these roles
be reconciled?We propose that the function of themPFC is to learn associations between context, locations,
events, and corresponding adaptive responses, particularly emotional responses. Thus, the ubiquitous
involvement of mPFC in both memory and decision making may be due to the fact that almost all such tasks
entail the ability to recall the best action or emotional response to specific events in a particular place and
time. An interaction between multiple memory systems may explain the changing importance of mPFC to
different types of memories over time. In particular, mPFC likely relies on the hippocampus to support rapid
learning and memory consolidation.Introduction
The empirical literature on the medial prefrontal cortex (mPFC) is
dominated by studies of its role in decision making, including
conflict monitoring (Botvinick et al., 2004), error detection (Hol-
royd et al., 2002), executive control (Posner et al., 2007; Ridder-
inkhof et al., 2004), reward-guided learning (Rushworth et al.,
2011), and decision making about risk and reward (Bechara
and Damasio, 2005). However, the mPFC also plays a key role
in memory, as highlighted by its selective involvement in the
retrieval of ‘‘remote’’ memories (i.e., items learned several weeks
earlier) (Bontempi et al., 1999; Frankland et al., 2004; Takashima
et al., 2006b). Other studies implicate mPFC in ‘‘recent’’
memory, learned 1–2 days earlier. For example, inactivation of
mPFC impairs the recall of fear memory learned the previous
day (Corcoran and Quirk, 2007). Hence, the mPFC plays a role
in both recent and remote memory. Other studies have empha-
sized the role of mPFC in the consolidation of memories, in that
interfering with mPFC immediately after learning disrupts subse-
quent recall in many tasks (e.g., Tronel and Sara, 2003). All of
these studies implicate mPFC in what might be defined as
‘‘long-term’’ memory (i.e., memory spanning several hours or
longer). There is also evidence that mPFC is important for
‘‘short-term’’ memory, spanning seconds to minutes. For
example, rats with mPFC lesions have difficulty recalling place-
reward associations over a 30 min delay (Seamans et al., 1995)
or waiting for a response cue over a 30 s delay (Narayanan
et al., 2006). In summary, there is evidence that the mPFC plays
a critical role in remote, recent and short-term memories over
a broad range of tasks.
Theories of medial prefrontal function have emphasized its
role in adaptive decision making. Earl Miller and colleagues
have suggested that the entire prefrontal cortex receives a broad
range of sensory and limbic inputs which can activate contextu-
ally appropriate representations of goals or task rules (Miller,
2000; Miller and Cohen, 2001). Active maintenance of these
goals provide a ‘‘top-down’’ bias signal which can influencestimulus-response mappings in other areas of the brain. They
also suggest that outcome feedback drives synaptic plasticity
in prefrontal cortex, ensuring that the appropriate goal state is
enabled in the appropriate context (Miller and Cohen, 2001).
Other theories, focused more specifically on mPFC, have sug-
gested it guides decisions by anticipating emotional outcomes
and enacting them as bodily states (Bechara and Damasio,
2005; Fellows, 2007).
This review represents an attempt to explain the mnemonic
functions of mPFC as an aspect of the mPFC’s more general
role in guiding adaptive behavior. Our proposal builds upon the
aforementioned theories but seeks to extend them to accommo-
date the burgeoning evidence implicating mPFC in different
types of memory. Based on anatomical and electrophysiological
evidence, we propose that mPFC takes as inputs the current
context and events and predicts the most adaptive response
based on past experience. Hence, what differentiates mPFC
from other areas of the cortex is not its mnemonic capabilities,
which we believe are shared with other cortical areas, but rather
its specific involvement in guiding adaptive behavior. We further
suggest that rapidly acquired input-output mappings in mPFC
are initially supported by the hippocampus but later become
independent. This framework unifies the known representational
capabilities of mPFC with its role in a broad range of memory
studies.
The mPFC Predicts Adaptive Responses
One of the most consistent findings regarding mPFC is that it is
strongly modulated by motivationally salient events, both posi-
tive and negative. As exemplified in Figure 1, a large number of
studies in humans, monkeys, and rodents have shown activity
in ventral mPFC and medial orbitofrontal cortex (OFC) tied to
the subjective value of anticipated or actual outcomes (Rush-
worth et al., 2011). In rodent mPFC, usually about one-third of
cells show firing rate changes tied to reward and reward expec-
tancy (Burton et al., 2009; Gruber et al., 2010; Pratt andNeuron 76, December 20, 2012 ª2012 Elsevier Inc. 1057
Figure 1. mPFC Encodes Expectation of Positive Outcomes
(A) Brain areas correlated with subjective value in humans. Subjects were asked to accept or reject offers of different amounts of money to be delivered after
a specific delay. The mPFC, together with ventral striatum and posterior cingulate cortex, showed activity during the decision process related specifically to the
subjective value of the current offer. The color scale represents the t value of the contrast testing for a significant effect of subjective value (Kable and Glimcher,
2007). Reprinted by permission from Macmillan Publishers, Ltd: Nature Neuroscience.
(B) Rat brain areas related to expectation of reward. Bars indicate relative numbers of Fos-positive cells in different brain areas after exposure to an environment
where rats had previously been given chocolate chips compared to a neutral environment. Among cortical areas, there is selective activation of prelimbic and
infralimbic cortex as well as lateral orbital cortex (reprinted by permission from Schroeder et al., 2001).
(C) Single-neuron encoding of reward expectation in rat mPFC. Rats had to enter a specific location and stay there until a food pellet was dropped at a separate
location. Top twoplots showspikes fromonecell over two sessions. Thebottompanel shows the binnedperievent timehistogram for both sessions. This cell shows
rampingactivity during thedelay between zone entry at time0andpellet release at time 2 s (delay indicated in gray) (reprintedbypermission fromBurton et al., 2009).
Neuron
ReviewMizumori, 2001). Neural activity in mPFC is also strongly modu-
lated by negative outcomes (Figure 2). Specifically, the primate
rostral cingulate zone has been repeatedly found to be activated
by the subjective experience of pain (reviewed in Shackman
et al., 2011). The rodent anterior cingulate plays a similar role
in the experience of pain (Johansen et al., 2001). Further, a subset
of rodent mPFC cells respond selectively to the expectation of
aversive events (Baeg et al., 2001; Gilmartin and McEchron,
2005). In primate anterior cingulate, partially overlapping groups
of cells respond to both reward and lack of expected reward
(Quilodran et al., 2008).
The involvement of mPFC, especially its ventral division, in
motivationally salient events is also supported by anatomy.
There appears to be a dorsal-ventral gradient in rodent mPFC,
where ventral regions, including ventral prelimbic and infralimbic
cortex, are specialized for autonomic/emotional control and
dorsal regions, including anterior cingulate and dorsal prelimbic1058 Neuron 76, December 20, 2012 ª2012 Elsevier Inc.cortex, are specialized for the control of actions (Gabbott et al.,
2005; Heidbreder and Groenewegen, 2003). In fact, based on its
connectivity, the ventral mPFC has been characterized as
‘‘visceral motor cortex’’ (Figure 3; Neafsey et al., 1993). Promi-
nent among its connections are reciprocal projections to and
from the amygdala and a unilateral projection to dorso- and
ventromedial striatum. The ventral mPFC is strongly intercon-
nected with anterior insular areas, known to be involved in
both interoception (Allen et al., 1991) and pain perception (Jas-
min et al., 2004). The ventral mPFC communicates with the
hypothalamus, which mediates intrinsic homeostatic drives,
such as hunger and thirst, and coordinates the autonomic and
endocrine systems (Saper, 2003). Another prominent connection
is with the periaqueductal gray, a region involved in aggression,
defensive behavior, and modulation of pain (Nelson and Trainor,
2007; Sewards and Sewards, 2002). The ventral mPFC also
provides the primary cortical input to the lateral habenula, an
Figure 2. mPFC Encodes Expectation of
Negative Outcomes
(A) Pain-associated foci in human mPFC from
a meta-analysis of 192 neuroimaging studies. Top
panel: locations of individual activated foci asso-
ciated with delivery of physically painful stimuli,
such as heat, cold, or electric shock. Bottom
panel: thresholded activation likelihood estimate
(Shackman et al., 2011). Reprinted by permission
from Macmillan Publishers, Ltd: Nature Reviews
Neuroscience.
(B) Changes in blood flow in the rat brain during
exposure to an environment previously associated
with painful colorectal distention. Cerebral blood
flow was imaged via radioactively labeled [14C]-
iodoantipyrine. Colors indicate statistically signif-
icant differences between conditioned and
control rats in positive (red) and negative (blue)
directions (reprinted by permission from Wang
et al., 2011). Abbreviations: fmi, forceps minor
of the corpus callosum HPC, hippocampus;
PAG, periaqueductal gray; S1, S2, primary and
secondary somatosensory cortex.
(C) Development of shock-anticipatory activity in
mPFC during trace eye-blink conditioning. In box
A, rats were exposed to a tone as a conditioned
stimulus (CS) and, after a 500 ms delay, mild eye-
shock as an unconditioned stimulus (US). In box B,
CS and US were presented randomly so that the
tone was not predictive of shock (pseudocondi-
tioning). Within each of the two subplot on the left,
each row shows a z score value for averaged
population activity from all neurons showing an
excitatory response during CS and trace interval.
The horizontal axis indicates time within a trial and
spans 1,800 ms. Early in training (rows below
‘‘Early’’), mPFC cells respond primarily during the
tone. After successful acquisition (rows above
‘‘Late’’), cells maintain responses throughout the
delay until delivery of shock. No such shock-
anticipatory activity is evident in pseudocondi-
tioned box B. The two panels on the right
show similar results for all neurons showing an
inhibitory response during the CS and trace
interval (from Takehara-Nishiuchi and McNaugh-
ton, 2008. Reprinted with permission from AAAS.).
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reward (Hikosaka, 2010; Li et al., 2011). Finally, the ventral
mPFC has bidirectional connections with a wide range of neuro-
modulatory systems, including the dorsal raphe, ventral
tegmental area, and locus coeruleus which, among other things,
play an important role in adaptive responses to rewarding and
stressful events (Itoi and Sugimoto, 2010; Kranz et al., 2010; Ma-
ier and Watkins, 2005; Schultz, 2001). The connections of the
dorsal mPFC are similar to those of the ventral mPFC except
that the dorsal mPFC has weaker connectivity with emotional
and autonomic centers and stronger connectivity with motor
and pre-motor areas (Gabbott et al., 2005; Heidbreder andGroe-
newegen, 2003; Hoover and Vertes, 2007). The dorsal mPFC in
rats also projects directly to the spinal cord (Gabbott et al.,
2005). In sum, the mPFC has access to information about moti-
vational stimuli, including both pain and reward, as well as
control over autonomic and skeletal-muscle activity.
Basedon thisevidence,wesuggest that the inputs tomPFCare
context and events and its output is the response which past
experience predicts will lead to the most favorable outcome in a
given situation (Figure 4). The term ‘‘context’’ often refers to anyset of cues which situate the animal in place and time, a type of
information thought to be encoded by the hippocampus (Nadel,
2008). Here, we broaden the definition to additionally encompass
the animal’s emotional state (e.g., anger, fear). ‘‘Events’’ consti-
tute both sensory cues and actions. In situations associated
with aversive experiences, the most adaptive response may be
a release of stress hormones and freezing. Conversely, appetitive
situations might require approach toward a reward location.
These outputs are trained by evaluative feedback signals which
serveas inputs tomPFC.Justasvisual cortexmightmapapattern
of visual inputs onto a particular object percept, the mPFC maps
events onto the emotional or motoric response that will be most
adaptive within a given context. Hence, what differentiates
mPFC from other cortical areas is not its underlying functional
architecture, but rather, its unique inputs and outputs. As with
other cortical areas, memories in mPFC are probably schematic
(i.e., they represent the gist or central tendency over a collection
of experiences) rather than representing a single episodic event
(McClelland et al., 1995; Winocur et al., 2010).
The inclusion of context and events as mPFC inputs is sup-
ported by electrophysiological evidence. Cells in mPFC areNeuron 76, December 20, 2012 ª2012 Elsevier Inc. 1059
Figure 3. Major Anatomical Connections of
Ventral mPFC
Arrows indicate directionality. Connections are
derived from recent surveys of efferents and
afferents of the mPFC and only the anatomically
most dense projections are represented (Gabbott
et al., 2005; Heidbreder and Groenewegen, 2003;
Hoover and Vertes, 2007; Vertes et al., 2007).
Hence, some potentially important connections,
such as those to the lateral habenula, are not
shown. Abbreviations: ACd, dorsal anterior
cingulate cortex; B9, B9 serotonin cells; DR,
dorsal raphe; FrA, frontal association cortex; HDB,
horizontal limb of the diagonal band of Broca; LC,
locus coeruleus; PAG, periaqueductal gray; SN,
substatia nigra, STN; subthalamic nucleus, VTA,
ventral tegmental area.
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2012). Further, location can modulate the responses to other
events such as receipt of reward or lever pressing (Hyman
et al., 2005, 2012; Miyazaki et al., 2004). Even subtle differences
in position, as little as 1 cm, can change the firing of mPFC cells
(Cowen and McNaughton, 2007; Euston and McNaughton,
2006). The temporal context of a task can also modulate
mPFC firing; some cells respond selectively to specific task
phases, such as the inter-trial interval (Jung et al., 1998; Lapish
et al., 2008). Another aspect of context is task rules. Two studies
have imposed a situation in which a rat is doing the same
behavior (i.e., pressing the right lever) for different reasons (i.e.,
because it is visually cued or because all right presses are re-
warded) and shown that the firing of some mPFC cells changes
depending on why the animal is performing the action (Durste-
witz et al., 2010; Rich and Shapiro, 2009).
Cells in mPFC also respond robustly to events, both motoric
and sensory. The activity of single mPFC cells is often related
to specific behaviors such as turning, running one direction on
a path, and lever pressing (Cowen and McNaughton, 2007; Hy-
man et al., 2012; Jung et al., 1998; Narayanan and Laubach,
2006). When learning is involved, cells in mPFC can develop
responses to cues or actions which predict reward (Mulder
et al., 2000; Peters et al., 2005) or punishment (Gilmartin and
McEchron, 2005; Laviolette et al., 2005; Takehara-Nishiuchi
and McNaughton, 2008). The mPFC can also respond to salient
cues, such as a tone, that are not tied to reward or punishment
(e.g., Takehara-Nishiuchi and McNaughton, 2008).
In many cases, the response of mPFC to motivationally salient
events may reflect the adaptive anticipatory response, such as1060 Neuron 76, December 20, 2012 ª2012 Elsevier Inc.autonomic arousal in expectation of re-
ward. However, the mPFC also exhibits
robust responses to outcomes, both posi-
tive and negative. In fact, in bothmonkeys
and rats, anticipated reward value and
actual reward value have been shown to
be encoded by separate groups of
neurons (Amiez et al., 2006; Cowen
et al., 2012; Pratt andMizumori, 2001; Shi-
dara and Richmond, 2002; Sul et al.,
2010). A similar picture exists for negativeoutcomes, though it is not clear that anticipated and actual
outcomes are encoded by separate pools of neurons (Baeg
et al., 2001; Gilmartin and McEchron, 2005; Takehara-Nishiuchi
and McNaughton, 2008). In the framework presented here, the
outcome-anticipatory signals are part of the mPFC output
whereas outcome evaluative signals serve to drive learning and
as such are part of the mPFC input. Outcome feedback signals,
from areas such as ventral tegmental area, insular cortex, and
hypothalamus,may drive synaptic changes via some formof rein-
forcement learning (Holroyd et al., 2002). Alternatively, it has been
suggested that the mPFC compares actual and expected
outcomes and computes the degree of expectancy violation
(i.e., ‘‘surprise’’) (Alexander and Brown, 2011). These surprise
signals then drive learning within mPFC and elsewhere.
As previously mentioned, anatomical evidence suggests
a dorsal-ventral gradient in which dorsal mPFC is action-related
whereas ventral mPFC is more emotion-related. Consistent with
this anatomical gradient, a recent rodent electrophysiology
study showed that responses in dorsal mPFC were strongly
driven by what the animal was doing (i.e., traveling down the
left or right arm of a maze) while responses in ventral mPFC
showed greater sensitivity to reward outcomes (Sul et al.,
2010). The dorsal mPFC also supports sustained responses in
motor cortex during a delay, demonstrating a direct functional
link to motor systems (Narayanan and Laubach, 2006). The
medial OFC has connectivity similar to the adjacent ventral
mPFC while more lateral OFC receives sensory inputs, including
visual, somatosensory, and olfactory (Hoover and Vertes, 2011;
Reep et al., 1996). Because all frontal regions are intercon-
nected, OFC may provide sensory inputs to mPFC (Hoover
Figure 4. Schematic View of Hypothesized Inputs to and Outputs
from Different Regions of Prefrontal Cortex
The mPFC is conceived as a network mapping events within a given spatial
and emotional context with the most adaptive response, which can be either
action or an emotional response, depending on the area. A separate set of
inputs carries information about outcomes of actions, which modulate plas-
ticity. All frontal areas are strongly interconnected, meaning that information
about actions, emotions, and stimuli is available to all prefrontal areas. (figure
based on Paxinos and Watson, 2007; altered with permission). Abbreviations:
ACd, dorsal anterior cingulate; PL, prelimbic cortex; IL, infralimbic cortex; DP,
dorsal peduncular cortex; VO, ventral orbital cortex; LO, lateral orbital cortex.
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suggests the functional organization depicted in Figure 4. Dorsal
mPFC receives information from motor regions and outputs
adaptive actions. Ventral mPFC receives information from
emotion-related structures and outputs adaptive emotional
responses. Finer distinctions also exist. For example, the prelim-
bic and infralimbic cortex project to distinct regions of amygdala,
with potentially important consequences for their role in fear
learning and extinction (Peters et al., 2008).
The mPFC of primates follows a similar organizational
scheme. Comparisons between rodents and primates are
complicated by the debate over the homology of prefrontal
regions (Brown and Bowman, 2002; Chudasama, 2011; Preuss,
1995; Seamans et al., 2008; Uylings et al., 2003). Based on func-
tional evidence, some have claimed that mPFC in rodents repre-
sents an undifferentiated proto-PFC with functional aspects of
both medial and lateral PFC in primates (Brown and Bowman,
2002; Uylings et al., 2003). The anatomical evidence, however,
strongly suggests that mPFC in rodents is more similar to
primate mPFC than lateral PFC (Preuss, 1995; Wise, 2008). Sup-
porting this mapping, lesion studies in rats, monkeys, and
humans suggest that dorsal anterior cingulate supports action-
value associations while OFC supports stimulus-value associa-
tions (Camille et al., 2011; Ostlund and Balleine, 2007; Rush-
worth et al., 2011).
Role of mPFC in Long-Term Memory
Without other stipulations, the framework presented above
predicts that the mPFC will be needed whenever context andevents guide behavior (i.e., during memory acquisition, as well
as recent and remote recall). However, several studies suggest
that mPFC plays a selective role in remote but not recent
memory. We consider this evidence and discuss extant theories
but conclude that mPFC is likely needed for both recent and
remote memory.
Imaging studies were among the first to indicate a specific role
for mPFC in long-term memory. An early study examined meta-
bolic activity in 74 mouse brain regions during memory-guided
retrieval of reward on an eight-arm maze either 5 or 25 days after
learning (Bontempi et al., 1999). The mPFC, along with parts of
frontal motor cortex and temporal cortex, showed significantly
more activity during remote retrieval compared with recent.
The selective activation of mPFC in remote memory has now
been replicated using tests of both spatial and fear memory
(Frankland et al., 2004; Maviel et al., 2004; Teixeira et al.,
2006). Further, the density of dendritic spine growth in mPFC
promoted by contextual fear conditioning is greater when
measured at a remote time point as compared to a recent time
point (Restivo et al., 2009). Imaging studies of socially trans-
mitted food preference have also shown greater frontal cortex
activity for remote memory, but in this task the effect is strongest
in the OFC (Lesburgue`res et al., 2011; Ross and Eichenbaum,
2006).
The aforementioned findings in rodents have parallels in the
human imaging literature (see also Nieuwenhuis and Takashima,
2011). One study compared brain activation during recall of
a recently learned stimuli (i.e., visual scenes) versus recall of
a stimuli learned several weeks earlier. A small area in the subge-
nual anterior cingulate was the only brain region to show
increasing activation with increasing memory retention intervals
up to 90 days (Takashima et al., 2006a). Human imaging studies
also suggest that mPFC plays a special role in memory consoli-
dation during sleep. In one representative study, subjects
studied word pairs and then were either deprived of the subse-
quent night of sleep or allowed to sleep normally. When tested
for the words 6 months later, activity in the ventromedial PFC
and occipital cortex was specifically elevated in subjects allowed
to sleep when compared to subjects who were sleep deprived
(Gais et al., 2007).
Consistent with these imaging results, inactivating mPFC
leads to deficits in retrieval of remote memories while apparently
leaving recent memory intact. This effect has been demon-
strated across a range of tasks including the radial arm maze
(Maviel et al., 2004), the Morris water maze (Teixeira et al.,
2006), contextual fear conditioning (Frankland et al., 2004; Hola-
han and Routtenberg, 2007), and conditioned taste aversion
(Ding et al., 2008). Corroborating evidence comes from drug
addiction studies, which have shown that themPFC is necessary
for reinstatement of cocaine seeking at remote but not recent
time points (Koya et al., 2009). While remote memory is usually
examined roughly 30 days after learning, the selective involve-
ment of mPFC in retrieval of remote trace fear memories has
been shown at 200 days (Quinn et al., 2008). A final task showing
a specific role for mPFC in remote memory is trace eye blink
conditioning, in which an animal is conditioned to blink to
a tone by pairing the tone, after a brief delay, with a mild eye
shock. Lesions or inactivation of ventral mPFC in both rats andNeuron 76, December 20, 2012 ª2012 Elsevier Inc. 1061
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wald et al., 2010; Takehara-Nishiuchi et al., 2006; Takehara
et al., 2003).
Two theories have been forwarded to account for the specific
involvement of mPFC in remote, but not recent, memory. It has
been suggested that remote memories, being more difficult to
recall, require stronger top-down cognitive control which is
provided by the mPFC (Rudy et al., 2005). One issue with this
approach is that top-down control over memory processes typi-
cally involves lateral prefrontal cortex rather than mPFC (e.g.,
Anderson et al., 2004). The other theory suggests that the
mPFC takes over the role of the hippocampus in orchestrating
the recall of remotememory (Frankland and Bontempi, 2005; Ta-
kashima et al., 2006b; Takehara-Nishiuchi and McNaughton,
2008). In other words, for recent memories, coherent patterns
in hippocampus are sufficient to reinstate memories distributed
across the neocortex. For remote memories, however, the
mPFC supplies the necessary signals driving reinstatement.
The necessary retrieval codes would presumably be transferred
from hippocampus to mPFC during consolidation. In support of
this model, it has been demonstrated that the hippocampus
plays a role complimentary to themPFC, in that it is strongly acti-
vated during retrieval of recent memories but not remote memo-
ries (Frankland et al., 2004; Takashima et al., 2006b). Similarly,
several studies have shown that the hippocampus is necessary
for recent but not remote memory retrieval (Maviel et al., 2004;
Takehara et al., 2003), although not all studies are consistent
(Quinn et al., 2008; Teixeira et al., 2006). The primary weakness
of this view, in our opinion, is that it does not naturally extend to
other domains of mPFC function (e.g., decision making).
We propose that memories in mPFC consolidate like other
cortical memories. During the initial encoding, mPFC starts to
map between contexts, events, and adaptive responses, relying
on hippocampus to support rapid learning. During consolidation,
repeated replay of the memory results in a strengthening of
synapses supporting the memory within mPFC. As mentioned
previously, the mPFC (and the cortex in general) is likely extract-
ing the regularities over a range of experiences rather than the
details of a specific episode (McClelland et al., 1995; Winocur
et al., 2010). The hippocampus has been hypothesized to
encode memories via an arbitrarily assigned pattern of activity
which does not itself contain the memory contents but rather is
capable of reactivating the neocortical activity patterns that
constitute the content of the memory (McClelland et al., 1995).
Thus, during recent retrieval, mPFC represents the context,
events and adaptive responses but not the mapping between
them. After consolidation, mPFC stores both the inputs and
outputs as well as the means to generate the former from the
later. It follows that if the mPFC is needed for the retrieval of
remote memory on a particular task, it should also be needed
for the retrieval of recent memory.
Several lines of evidence support the involvement of mPFC in
recent memory. First, at least two studies found that mPFC
lesion or inactivation affected both recent and remote memory
for fear conditioning (Blum et al., 2006; Quinn et al., 2008).
Second, as discussed below, a large body of studies demon-
strated that disruption of mPFC activity immediately after
a task can impair performance on that task the following day.1062 Neuron 76, December 20, 2012 ª2012 Elsevier Inc.In some cases, these latter studies focus on the same task and
mPFC subregion as those used in remote memory studies sug-
gesting no mPFC involvement in recent memory (e.g., compare
Frankland et al., 2004; Zhao et al., 2005). Third, other studies
have directly demonstrated the necessity of mPFC for the
retrieval of recent navigational (Churchwell et al., 2010), object-
place (Lee and Solivan, 2008) and fear memories (Corcoran
and Quirk, 2007), learned 1 or 2 days before testing.
Despite strong evidence that mPFC is needed for both recent
and remote memory, the many studies showing greater involve-
ment of mPFC in remote memory cannot be ignored (see Table
S1 available online). The most straightforward explanation is
that mPFC participates in recent memory but plays an even
greater role in retrieval of remote memory. Indeed, one study
of contextual fear memory after mPFC lesion found a weak but
significant impairment in recent memory and a stronger impair-
ment in remotememory (Quinn et al., 2008).While our framework
does not predict this phenomenon, it can be extended to accom-
modate the data. During the recall of recent memory, the role of
mPFC is to represent context, events and responses while the
mapping between them is stored within the hippocampus.
During remote recall, on the other hand, the mPFC both repre-
sents and stores context-event-response mappings while the
hippocampus becomes disengaged. Because mPFC serves
for both storage and representation, the brain may be less able
to compensate for its loss during remote retrieval than during
recent.
Role of mPFC in Memory Consolidation
While the preceding section emphasized the role of mPFC in the
retrieval of long-term memories, there is now considerable
evidence that mPFC plays an important role in the consolidation
of a wide range of memories. These studies demonstrate that
activity in mPFC immediately after a task is needed for retrieval
on subsequent days.
Evidence that mPFC is needed for stabilization of recently
acquired memories spans a wide range of appetitive tasks.
One study used an odor-reward association, acquired in just
a few trials. When disruptive agents were injected into mPFC
immediately after learning, subsequent testing 48 hr later re-
vealed a severe memory impairment (Carballo-Ma´rquez et al.,
2007; Tronel et al., 2004; Tronel and Sara, 2003). Similar effects
have been observed in lever-press for reward (Izaki et al., 2000),
socially transmitted food preference (Carballo-Ma´rquez et al.,
2009), object recognition (Akirav and Maroun, 2006), and the
Morris water maze (Leon et al., 2010).
Activity in mPFC immediately after learning is also important
for the consolidation of fear memory. For example, interfering
with mPFC plasticity immediately after trace fear conditioning
(i.e., with a delay between tone and shock) has been shown to
cause deficits in memory retrieval both 24 and 72 hr later (Run-
yan et al., 2004); however, the results for simple tone-shock
fear conditioning are equivocal (Morrow et al., 1999; Zhao
et al., 2005). Like trace fear conditioning, the consolidation of
contextual fear conditioning is also dependent upon mPFC
(Zhao et al., 2005). Contextual fear has also been examined
using inhibitory avoidance. Interference with mPFC plasticity
immediately after inhibitory avoidance training leads to deficits
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2011). Interestingly, application of glucocorticoid receptor
agonists to mPFC immediately after training actually enhances
inhibitory avoidance (Roozendaal et al., 2009).
The ventral region of mPFC also plays a critical role in the
consolidation of extinction of both fear and drug-related memo-
ries (Peters et al., 2009). Extinction is now known to be an active
learning process involving the association between a condi-
tioned stimulus and the absence of the unconditioned stimulus
that was formerly associated with it. As with many other types
of learning, disruption of synaptic plasticity in ventral mPFC after
extinction training impairs memory for extinction of fear when
tested 1–2 days later (Mamiya et al., 2009; Sotres-Bayon et al.,
2009). Likewise, inhibiting mPFC after each daily extinction
session leads to impaired extinction of drug craving (LaLumiere
et al., 2010). Intriguingly, a recent study demonstrated enhanced
fear extinction when the ventral mPFC was treated with a plas-
ticity enhancing agent after extinction training (Marek et al.,
2011).
There appears to be a critical window for consolidation in that
chemical disruption of mPFC 1 to 2 hr after learning causes
memory impairment whereas disruption outside this window
does not (Carballo-Ma´rquez et al., 2007; Izaki et al., 2000; LaLu-
miere et al., 2010; Takehara-Nishiuchi et al., 2005; Tronel and
Sara, 2003; see Table S1 available online). What is the nature
of mPFC activity during this critical posttask period? Consolida-
tion theory suggests that during off-line periods, most notably
sleep, the hippocampus reactivates recently learned experi-
ences which, in turn, causes replay of these events in the
neocortex. Replay allows new memories to become integrated
with previous cortical memories and hence, more robust to inter-
ference (i.e., ‘‘consolidated’’) (McClelland et al., 1995). In support
of this theory, spike patterns corresponding to task activity have
been shown to replay in hippocampus and several cortical areas
during the rest period immediately following a task (Hoffman and
McNaughton, 2002; Ji and Wilson, 2007; Wilson and McNaugh-
ton, 1994). Recently, robust replay has been observed in mPFC
and an associated structure, the nucleus accumbens (Euston
et al., 2007; Lansink et al., 2009). In both structures, replay
occurs at an accelerated rate relative to that seen during
behavior. Further, this replay is selective for recently learned
events, suggesting a causal link in memory formation (Peyrache
et al., 2009).
A critical issue is whether replay in mPFC is orchestrated by
the hippocampus. Considerable evidence suggests that it is. Re-
activation in hippocampus is tied to local field potential features
called ‘‘sharp waves’’ (Kudrimoti et al., 1999). Likewise, reactiva-
tion in mPFC is strongest during periods with a high density of
field potential oscillations known as ‘‘low-voltage spindles’’
(Johnson et al., 2010). These two hallmarks of memory reactiva-
tion, hippocampal sharp waves and cortical low-voltage spin-
dles, tend to occur within a few hundred milliseconds of one
another (Battaglia et al., 2004; Mo¨lle et al., 2006; Siapas andWil-
son, 1998; Sirota et al., 2003). Further strengthening the link,
sharp waves in hippocampus have recently been shown to be
correlated with memory replay in mPFC (Peyrache et al., 2009).
The directionality of the mPFC-hippocampal interaction during
sleep has been difficult to discern, with some results suggestingevents in hippocampus precede those in cortex (Battaglia et al.,
2004; Wierzynski et al., 2009) while others suggest the opposite
(Isomura et al., 2006; Mo¨lle et al., 2006). Perhaps both sides are
correct. It has been suggested that cortical events initiate hippo-
campal replay, which in turn reinforces the ongoing replay of
patterns in the neocortex (Sirota et al., 2003). Alternatively, the
directionality of information flow from hippocampus to mPFC
may depend on whether the information being processed is
newly learned.
One puzzling aspect of these consolidation findings is that
tasks affected by posttask mPFC disruption are not necessarily
mPFC-dependent during initial learning. For example, odor-
reward associations tested 48 hr after learning are impaired by
consolidation block, yet rats with prelimbic lesions can easily
acquire and retrieve odor-reward associations within a single
session (Birrell and Brown, 2000; Tronel and Sara, 2003). Like-
wise, a NMDA antagonist injected into infralimbic cortex after
extinction training interferes with the consolidation of fear extinc-
tion but NMDA receptor block during extinction training has no
effect on within-session acquisition of extinction or subsequent
recall (Mamiya et al., 2009). Instrumental conditioning of lever
pressing for food reward shows a similar pattern (Izaki et al.,
2000; Ostlund and Balleine, 2005) as does object recognition
(Akirav andMaroun, 2006; Ennaceur et al., 1997). The framework
presented here predicts that mPFC will be involved in initial
acquisition, consolidation, and retrieval of context-event-
response associations. Hence, it cannot fit these data without
additional stipulations. One possible explanation is that other
prefrontal cortical areas can compensate for mPFC loss during
learning but not during consolidation or recall. For example,
aspects of odor-reward association may be mediated by both
the OFC as well as ventral mPFC. If ventral mPFC is off-line
during learning, OFC may become more heavily involved to the
point that it can support learning independently. If mPFC is on-
line during learning, however, the mPFC remains essential for
consolidation and recall.
Role of mPFC in Short-Term Memory
Numerous research paradigms implicate mPFC in short-term
memory, operationally defined here as memory spanning
seconds to minutes. Historically, considerable emphasis has
been placed on the role of mPFC in memory spanning intervals
less than a minute, a capacity referred to as ‘‘working’’ memory
(Uylings et al., 2003). Similar to primates with damage to dorso-
lateral prefrontal cortex, rats with mPFC damage often show
deficits in tasks requiring a delayed response (e.g., Horst and
Laubach, 2009). The functional similarity between rodent
mPFC and primate dorsolateral prefrontal cortex is further
bolstered by demonstrations that both exhibit persistent cellular
activity during delay periods that is selective for a prior or
upcoming target location (Baeg et al., 2003; Batuev et al.,
1990; Funahashi, 2006). The idea that mPFC is specialized for
workingmemory, however, has been undermined by recent find-
ings. First, some of the most compelling evidence that mPFC
plays a role in working memory are studies demonstrating that
performance of rats with mPFC lesions gets worse with longer
retention delays. However, in some of these studies, delay length
is confounded with task novelty (Gisquet-Verrier and Delatour,Neuron 76, December 20, 2012 ª2012 Elsevier Inc. 1063
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delay show impairment when switched to a 20 s delay (Delatour
andGisquet-Verrier, 1999); however, rats trained from the begin-
ning on a randomly shuffled range of delays fail to show deficits
(Gisquet-Verrier et al., 2000). Second, neurons in mPFC are
highly selective to slight changes in position or trajectory (Cowen
and McNaughton, 2007; Euston and McNaughton, 2006; Fuji-
sawa et al., 2008). It is difficult to rule out the possibility that
some, if not all, delay-related neural activity is entirely reflective
of an ‘‘embodied memory’’ strategy involving differential
behavior during the delay, rather than working memory per se.
Indeed, it has been suggested that the primary deficit in rats
with mPFC lesions is not information storage but rather the im-
plementation of mediating strategies (Chudasama and Muir,
1997). Finally, working memory in some studies is confounded
with memory for the rules of the task (i.e., reference memory).
As an illustration, Touzani et al. (2007) trained mice on a spatial
win-shift task in which the correct choice depended on which
maze arm was rewarded two trials back. Consistent with the
hypothesis that mPFC supports working memory, mice with
mPFC lesions were incapable of acquiring this task. However,
mice given mPFC injections of a protein synthesis blocker after
each daily training session were also impaired. The lack of treat-
ment during the task reduces the likelihood of interference with
working memory. Instead, the impairment is likely due to disrup-
tion of consolidation which precluded acquisition of the task
rules. In summary, many studies of working memory implicate
themPFC. Unfortunately, it is often difficult to determine whether
the observed deficits are due to a breakdown in trial-specific
working memory, mediating strategies, or a deficit in reference
memory.
Despite these concerns, a few well-controlled studies do
support a role for rodent dorsal mPFC in working memory for
actions. One study showed impairments in delayed spatial alter-
nation despite the researchers’ careful efforts to rule out medi-
ating strategies (Horst and Laubach, 2009). Another showed
that when rats were required to hold down a lever until cued,
one-third of dorsal mPFC cells were significantly modulated
during the delay (Narayanan and Laubach, 2006). Further, half
of these were predictive of errors (i.e., premature release). A
follow-up study showed that one-fifth of dorsal mPFC neurons
respond differently after error trials and maintain this activity
into the next trial (Narayanan and Laubach, 2008). Hence,
mPFC cells exhibit properties consistent with short-termmainte-
nance of memory for action and errors.
There is also evidence that mPFCplays a role inmemory span-
ning minutes to hours, but only in certain circumstances. In
general, forming a short-term memory for locations, odors, or
objects does not require the mPFC (Birrell and Brown, 2000; En-
naceur et al., 1997; Seamans et al., 1995). For example, rodents
with mPFC inactivation show normal performance in free
foraging in an eight-arm maze (Seamans et al., 1995). However,
the task does become mPFC dependent if run as a spatial ‘‘win-
shift’’ task (Seamans et al., 1995). In this variant, rats are initially
rewarded on four arms and, after a delay of 30 min, are tested for
their ability to locate the previously nonrewarded arms. Surpris-
ingly, the role of mPFC is limited to the retrieval phase; inactiva-
tion of themPFC before training or the delay has no effect on test1064 Neuron 76, December 20, 2012 ª2012 Elsevier Inc.performance (Floresco et al., 1997; Seamans et al., 1995). Short-
termmemory for rewarded odors depends onmPFCwhen either
a large number of odors must be remembered or odor associa-
tions must be acquired via social interaction (Boix-Trelis et al.,
2007). In one example, rats with mPFC lesions were impaired
when required to remember 10 sample odors over a 10min delay
(Farovik et al., 2008). In comparison, short-term memory for
objects, tested via novel object preference, does not require
the mPFC (Ennaceur et al., 1997). To our knowledge, no
within-session object-recognition task has shownmPFC depen-
dence.
Interactions with Hippocampus
Given the prominent role of the hippocampus in memory, it is no
surprise that the hippocampus and mPFC are anatomically
related. Compared to other cortical areas, projections from the
ventral half of the hippocampus and subiculum to mPFC are
particularly strong (Cenquizca and Swanson, 2007; Jay and Wit-
ter, 1991). The pathway is unidirectional butmay be reciprocated
via a bisynaptic route through the nucleus reunions or lateral en-
torhinal cortex (see Figure 3; Burwell and Amaral, 1998; Vertes
et al., 2007).
The evidence supports two possible roles for the hippocampal
input to mPFC: to provide context or to enable rapid associative
learning. The ability of the hippocampus to encode spatial loca-
tion via ‘‘place fields’’ is well known (Wilson and McNaughton,
1993). However, as one moves along the septal (dorsal)—
temporal (ventral) axis, place fields become progressively larger
(Jung et al., 1994). Ventral hippocampal fields are so large that
they probably encode global context (i.e., which room the animal
is in) (Kjelstrup et al., 2008). Accordingly, the mPFC, whose
inputs arise mostly from ventral and intermediate hippocampus,
exhibits no evidence of place cell-like responses but does
discriminate between rooms (Hyman et al., 2012; Jung et al.,
1998; Poucet, 1997). Recent evidence has established that the
firing of hippocampal place cells is modulated by environmental
stimuli (Leutgeb et al., 2005). Given its strong connectivity with
limbic structures, ventral hippocampus may encode nonspatial
contextual signals for such things as odors, bodily states, and
emotions (Pennartz et al., 2011). Hence, as has been previously
suggested, the hippocampal input is a plausible source of spatial
and emotional context (Jung et al., 1998; Pennartz et al., 2011).
The other possible role for hippocampal input to mPFC is to
support rapid learning. Wise and Murray (2000) have provided
evidence that arbitrary visual-motor mappings formed within
premotor cortex initially depend on rapid associative mecha-
nisms within the hippocampus but, through consolidation,
become hippocampally independent. A similar principle may
apply to the mPFC. To wit, the rapid formation and consolidation
of associations between contexts, events, and responses within
mPFC may depend on hippocampus, whereas long-term
storage may be mediated mostly by mPFC. The aforementioned
evidence for coordinated memory replay in mPFC and hippo-
campus during consolidation supports this claim.
The role of communication between hippocampus and mPFC
has been studied via functional disconnection, in which the
mPFC is inactivated in one hemisphere and the hippocampus
is inactivated in the other. Because the connections between
Figure 5. Proposed Timeline of mPFC’s Role in Memory
Vertical axis is the strength of the memory stored in either mPFC or hippo-
campus while horizontal axis indicates time on a log scale. During 30 min of
task learning, the hippocampus learns more quickly than mPFC. During early
consolidation, the hippocampus supports memory replay and the develop-
ment of schematic representations within mPFC. Concurrently, episodic
memory traces within hippocampus decay. This process continues during late
consolidation, albeit at a slower rate.
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intact hippocampus and one intact mPFC but no pathway
between them (Floresco et al., 1997). This technique has been
used to demonstrate that mPFC-hippocampal communication
is necessary for short-term memory in paradigms including the
water maze (Wang and Cai, 2008), the T maze (Wang and Cai,
2006), spatial win-shift on the radial arm maze (Floresco et al.,
1997; Goto and Grace, 2008), and the Hebb-Williams maze,
a spatial maze requiring a specific set of turns to reach reward
(Churchwell et al., 2010). In fact, the effects of mPFC-hippo-
campal disconnection are nearly the same as those seen after
bilateral mPFC inactivation, supporting the claim that mPFC is
dependent upon the hippocampal-mPFC pathway either for
context or for rapid learning.
As further evidence for a functional interaction between mPFC
and hippocampus, electrophysiological rhythms in these two
structures are coupled, particularly in the theta range. Roughly
half of mPFC cells exhibit phase locking to hippocampal theta
while rats engage in spatial tasks (Hyman et al., 2005; Siapas
et al., 2005). More importantly, this synchronous activity is asso-
ciated with memory acquisition and retrieval. Theta coherence
between mPFC and dorsal hippocampus, measured by both
spike-theta phase locking and local field potential coherence,
increases as the animal approaches a memory-guided choice
point (Benchenane et al., 2010; Fujisawa and Buzsa´ki, 2011;
Jones and Wilson, 2005). Further, this choice-related activity
increases after acquisition of a new rule (Benchenane et al.,
2010). Reductions in phase locking between mPFC spikes and
hippocampal theta are also predictive of errors, suggesting
that mPFC-hippocampal synchrony is either necessary for
correct retrieval or, alternatively, reflects decision confidence
(Hyman et al., 2010).
Discussion and Conclusion
As has been previously suggested, the mPFC likely forms and
stores schema which map context and events onto appropriate
actions (Alexander and Brown, 2011; Miller and Cohen, 2001).
The purpose of these schema is to direct the correct emotional
or motoric response to a given set of events in light of past expe-rience (Bechara and Damasio, 2005; Fellows, 2007). Here, we
have explored how these schema are stored and retrieved on
time scales ranging from seconds to weeks. Compared to
primary motor cortex, the mPFC may have more capacity to
maintain responses over brief periods of time (i.e., seconds).
As such, it may provide a source of top-down control over motor
cortex when action sets must be maintained (Narayanan and
Laubach, 2006). For memories spanning more than a few
seconds, the mPFC probably requires support from the hippo-
campus. With regard to consolidation of memory, the framework
presented here suggests that the mPFC functions no different
than any other area of the cortex. The hypothesized role of
mPFC at different times after learning is depicted in Figure 5.
During a phase of rapid consolidation occurring during the first
few hours after learning, the hippocampus and mPFC replay
the memories and, in so doing, synapses supporting that
memory are strengthened in mPFC while they degrade in hippo-
campus. There is also likely a transformation from a memory for
specific episodes to a more schematic representation (McClel-
land et al., 1995; Winocur et al., 2010), though in most rodent
studies, these two forms of memory are difficult to separate. In
rats, this process of consolidation of the memory within mPFC
continues for about two weeks (Takehara-Nishiuchi et al.,
2006). A concomitant weakening of episodic traces in the hippo-
campus during this periodmight progressively shift the burden of
remote recall to mPFC, hence explaining the enhanced depen-
dence of remote memory on mPFC.
Why aren’t all tasks involving motivated behavior impaired by
mPFC lesions? Many simple tasks, such as instrumental condi-
tioning or place-reward association are not dependent upon
mPFC (Coutureau et al., 2012; Ragozzino et al., 1999). We
suppose that the mPFC is one of many learning systems which
operate in parallel. These other learning systems likely include
the amygdala as well as other mPFC subregions and their asso-
ciated striatal projection zones. In some cases, one system may
be able to compensate for the loss of another. In other cases,
learning in one system may forestall learning in another (Gruber
and McDonald, 2012). Further complicating the search for
mPFC function, loss of one area may shift learning to another
area that would not otherwise be engaged. Hence, whether
a task will depend on mPFC hinges on whether mPFC makes
a unique contribution to that particular type of learning which
cannot be handled by other areas. Exactly what that unique
contribution is remains unclear; as suggested by Miller and Co-
hen (2001), contextual control of action is no doubt part of
mPFC’s role. However, the necessity of mPFC for contingency
detection suggests that mPFC’s role may be more specific,
perhaps involving the extraction of temporal relationships
between antecedents and outcomes (Coutureau et al., 2012).
We contend that the functional lesion data are insufficient to fully
constrain a theory of mPFC function at this time.
In our view, the strength of the framework presented here is
that it provides a unified explanation for a broad range ofmemory
studies. It also makes the specific prediction that in tasks
involving contextual control of affect or action, the mPFC should
be necessary for initial encoding, recent recall, and remote
recall. The one caveat is that, during learning, other brain areas
may be able to compensate for the lack of one or more mPFCNeuron 76, December 20, 2012 ª2012 Elsevier Inc. 1065
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vation studies should show that other areas, such as OFC, can
compensate for the loss of mPFC during on-line learning. Once
a task has been learned with mPFC intact, however, the mPFC
will be needed for early consolidation as well as recent and
remote retrieval. Our claim that mPFC is needed for recent
memory is at odds with several studies showing a selective
involvement of mPFC in remote but not recent memory (e.g.,
Frankland et al., 2004). However, as previously noted, our claim
is supported by a few studies showing the necessity of mPFC for
recent memory. We predict that closer examination of experi-
ments demonstrating a selective mPFC role in remote memory
will also show a weak involvement of mPFC in recent memory.
The framework presented here also makes specific predic-
tions about the interactions between mPFC and the hippo-
campus.While the role ofmPFC inworkingmemory over a period
of seconds remains a possibility, we suggest that any trial
specific information maintained for minutes or hours is sup-
ported by the hippocampus. This is consistent with the finding
that mPFC-hippocampal theta phase locking increases during
the retrieval of short-term memory (e.g., Jones and Wilson,
2005). Further, both mPFC and hippocampus should be neces-
sary for rapid consolidation after learning. Hence, we predict that
every task which shows sensitivity to mPFC disruption during
consolidation should similarly be sensitive to mPFC-hippo-
campal disconnection during the same interval.SUPPLEMENTAL INFORMATION
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